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Introduction

Abstract
We have used scanning electron microscopy
(SEM) to examine the surface morphology of the
renal epithelial
cell lines MDCKand LLC-PKl to
determine the influence of alternative
culture
substrate
conditions
on cell
JX)larity.
We
observed that regardless
of physical
culture
conditions,
cells
established
and maintained
polarity,
expressed by the characteristics
of
apical and basal surfaces.
culture conditions
did, hCMever, influence the orientation
of cell
polarity .in Y.i.t_m. MDCK
cells were grown within
collagen gel, in which individual cells exhibited
clonal grCMth to form fluid-filled
epithelial
cysts.
The cells of MDCK-cysts were polarized
with apical surface facing the lumen and basal
surface against the surrounding collagen gel.
This configuration
made it possible
to gain
direct
visual
access, by Slli, to the basal
surface
by removing the supportive
collagen
lattice.
The apical surface of MDCK-cysts was
lined by short microvilli.
Each cell possessed a
solitary
cilium.
In comparison, the· basal
surface
had few appendages,
although
cell
boundaries were marked by interdigitating
short
processes.
LLC-PKl cells in monolayer culture
bore solitary cilia and long microvilli at their
apical surface.
The basal surface of cells
involved in dome formation was observed to
possess only a sparse population of short, blunt
processes.
When LLC-PKl cells were raised in
stationary
suspension culture or in monolayer
atop non-culture grade plastic,
they formed cysts
with the cell apex facing the surrounding medium.
These cells shCMed variable apical rrorphology.
The cells of large, highly expanded cysts were
often attenuated
and had a relatively
smooth
apical surface.
The basal surface of cells of
fractured LLC-PKl cysts commonly was also smooth,
without praninent appendages.
Kl:::(
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Transepithelial
fluid
movement in the
nephron is a function of epithelial
polarity.
Renal tubular cells possess specialized
apical
and lateral-basal
features that are responsible
for vectoral fluid and ion transport
(32,40) .
These polarized
features
of the tubular cell
include
structural
specializations
of
the
cytoplasm and cell surface (9,17 ,40-42) as well
as the segregated
(polarized)
distribution
of
merrbrane associated
transJX)rt system enzymes
(18,20).
A variety of established
renal cell lines
and primary or subcultured cell populations also
exhibit epithelial
polarity.
As in the intact
nephron,
tubular
cells
in culture
develop
specialized
apical intercellular
junctions and
form a confluent epithelium of contiguous cells
(13,35).
In conventional
substrate-dependent
monolayer culture the basal cell surface rests
against the culture substrate while the apical
surface faces the culture medium. Cultured renal
epithelia
that function in fluid tranSJX)rt form
nulticellular
domes (hemicysts) when raised on a
non-permeable substrate
(6 ,21,22) .
Domes are
transient
structures
that
form when fluid
transported
by the confluent epithelium in an
apical to basal direction accumulates beneath the
cell sheet, lifting
the cell layer above the
substrate.
Dane formation in vitro is equivalent
to net fluid excretion by the tubular wall and
has been used to model the action of drugs or
agents that influence renal handling of ions and
solutes (1,13,22,38).
The established kidney epithelial
cell lines
LLC-PKl (14) and MDCK(24) have been extensively
studied as model systems of renal cell function
(l,6,13,21,22,35,36,38).
Both cell lines form a
polarized cell layer in monolayer culture,
and
exhibit dome formation (23,38). Although LLC-PKl
and MDCK cells
are
routinely
studied
in
substrate- dependent monolayer culture both cell
lines have been shown to exhibit the unusual
behavior of cyst formation when cultured under
specific
alternative
conditions
(27,28,43).
LLC-PKl cells
in suspension culture
develop
aggregates in which the cells organize to form a
polarized epithelium (43).
In these structures
the apical surface faces the surrounding medium
and the basal surface borders a fluid-filled
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lumen.
!IIIX:Kcells show a similar although less
pronounced cyst-forming
behavior under comparable
culture conditions
(27).
In addition,
MDCKcells
exhibit cyst formation in tubule-like
orientation
when cultured within a three dimensional collagen
substrate
(27 ,28) .
These MDCK-cysts present a
polarized
epithelium
in which the apical surface
faces the lumen and the basal surface borders the
supporting collagen lattice.
In this orientation
the cells exhibit histotypic
polarity
in which it
is the basal cell
surface
that
is directly
exposed to the surrounding culture
environment.
Therefore, in contrast to conventional
substratedependent monolayer culture
it is possible
to
selectively
probe the basal cell
surface
and
II
II
manipulate
the
interstitial
environment
in
contact with this surface.
Other novel cell culture methods have been
devised that allow selective
manipulation of the
apical
versus basal surface
of an epithelium.
Cells may be cultured atop a permeable substrate
configured such that at confluency the cell sheet
partitions
the culture
chamber into an apical
bath and a basal bath (4,13,44).
As such the in
yjj;_m environment mimics the in YiYQ condition,
where interstitial
fluid bathes the cell at its
basal surface.
Under these conditions the apical
and basal
cell
surfaces
can be manipulated
selectively.
Thus it has been possible
to
determine that certain cells exhibit a so-called
sidedness
of response to an agent or condition
(13) •
That is, an epithelium
may express a
response to an agent applied to its basal surface
but not to its apical surface
(or vice versa).
This cell
culture
methodology complements the
isolated
perfused renal tubule (5) as a tool to
study polarized cell function in the nephron.
So it is that cell culture has irrproved our
awareness of the irrportance of cell polarity
to
tubular function.
With this emphasis on the use
of cell culture to model the renal tubule it is
irrportant
to determine how in Y.fuQ conditions
such
as
alternative
substrates
may affect
polarized
cell structure,
and thereby influence
epithelial
function.
Cur
laboratory
has
previously
used SEM to study the structure
of
renal tubular cells in YiYQ (8,9) and in lliI.Q
(27 ,28).
In this paper we analyze the surface
morphology of the established
kidney cell lines
MOCK and LLC-PKl and demonstrate
novel cell
culture and specimen processing methods that make
it possible to use SEMto examine both the apical
and basal surfaces of these polarized epithelia.
Materials

cells/ml),
gently triturated
through an 18 gauge
cannula, then filtered
(26) through 20 ..urnNitex
screen.
This dispersed cell suspension (4.3 ml)
was then mixed with a collagen-medium
solution
prepared
by combining 1 ml medium Fl2K (l0x)
(fran CaCl2-deleted
powder, special
order,
KC
Biological,
Lenexa, KS) , 0 .5 ml 5% NaHC0:3,
1 ml
0 .1 M HEPES, and 100 ,ul 1 N NaOH, with 3 ml of
collagen stock.
The collagen was prepared fran
rat tail
tendon by an acetic
acid extraction
procedure
(25) • Cultures were plated in 35 Illll
dishes
(1 ml) •
The collagen
was allowed to
solidify
and then was overlaid
with 1.5 ml of
medium which was replaced
every other
day.
Cultures were incubated at 37oC in a humidified
atmosphere of 5% COz in air.
Alternatively,
cultures
were prepared
so
that cysts developed at the interface
between two
layers of collagen.
A base layer of collagen gel
was
laid
down and washed
with
medium.
Dissociated
cells were then seeded (0.5-1 x 105)
atop the collagen.
'!be cells were allowed to
settle,
the medium was suctioned off and 1 ml of
collagen-medium mixture was added to cover the
cells.
The upper layer of collagen was allowed
to solidify
then culture
medium was added, as
above.
In certain studies MOCK-cysts were harvested
fran the collagen
gel by treatment
with 0.1%
collagenase
(type N)
(Worthington,
Freehold,
NJ) •
The collagen gel was first
cut into small
pieces
then incubated
in an excess of enzyme
solution atop a gyrotory shaker.
MDCK-cysts were
gently washed free of enzyme and then collected
by sedimentation
in culture medium.
LLC-PKl ~ g!)Q_ Monoleyer cultures.
LLC-PKl
cells (14) (American Type Culture Collection,
CRL
1392) were propagated
on culture-grade
plastic
using culture
medium r::t-1EM
with 5% FBS.
Cells
were dissociated
at near confluency,
washed free
of enzyme, and seeded (1-3 x 106 cells)
to 60 nm
culture-grade
dishes
(Corning No. 2510) , 60 nm
bacteriological-grade
petri
dishes
(Falcon No.
1007) , or petri
dishes containing
a solidified
base layer of 1% agarose
(Sigma No. A-6877) •
Cultures were placed in stationary
incubation
(as
above) and the medium was replaced every other
day.
LLC-PKl cysts that formed spontaneously
in
both monolayer
and suspension
cultures
were
collected
with a sterile
pipet at various times
throughout a 1-2 week culture period.
Moq:ihological Processing
Cultured ~ ~ithelial
Ce.Us.. All cultures
were fixed with 2 .5% glutaraldehyde
in 0 .1 M
cacodylate/HCl
and postfixed
in 1% 0304 in 0 .1 M
cacodylate/HCl.
MDCK-cysts were fixed in ill!.! or
following isolation
with collagenase
(as above) •
Intact
gels were immersed in fixative,
with
frequent changes, for 2-3 hrs.
'!be gel was then
cut into small pieces
(1-3 nm on a side) and
returned to fixative
for at least 24 hrs.
These
specimens were dehydrated
in a graded ethanol
series,
then frozen in liquid nitrogen and cryofractured
with
a sharp
blade
(15) •
Sane
specimens were processed by the ligand-mediated
osmium binding method (osmium-thiocarbohydrazideosmium) (19) in order to irrprove osmication of
cysts
located
deep
within
collagen
gel.
Following
primary
fixation
in
buffered

.iIDQ Methods

!:&ll culture
MOCK-cysts,
Cultures
of
MDCK-cysts were
established
using medium hydrated collagen gel as
the
culture
substrate
(27 ,28).
Monolayer
cultures of cell line !IIIX:K(American Type Culture
Collection,
CCL 34), the so-called
low-resistance
strain
(3) , were grown in hormone supplemented,
serunr-free medium K-1 of Taub et al. (37) or in
basal medium 1:1 DMEWF12with 5-10% fetal bovine
serum (FBS) (Hyclone, Sterile systems, Logan ill').
The cells were dissociated,
then washed twice in
medium containing 0.1% soybean trypsin inhibitor.
The cells were suspended in medium (2.5 x 105
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irregular,
blunt processes from the cell surface.
Under these growth and processing conditions
the
basal
surface
of MOCKcysts was masked and,
therefore,
not visible by routine SEM.
In order to observe the structure
of the
basal surface of the MOCK-cyst epithelium,
cysts
were isolated
by digesting
away the collagen
substrate
with
collagenase.
Collagenase
treatment
liberated
intact
MOCK-cysts (Fig. 2)
and allowed unrestricted
access to their
basal
cell
surface.
Individual
cells
were
identifiable,
separated
by shallow clefts.
The
basal cell surface was irregular,
with numerous,
randanly distributed
non-uniform microvilli
and
sane rounded or blunt processses.
we observed by
light
microscow
that
MOCK-cysts commonly
underwent partial
and sanetimes complete collapse
during the isolation
process.
This suggested
that
specimens
fixed
following
collagenase
treatment
might show some degree of preparation
artifact.
In an attempt to minimize potential
preparation
artifact,
MDCK--cysts were raised at
the interface
between two layers of collagen gel.
This arrangement of substrate
and cells made it
possible
to strip away the upper collagen layer
and thus remove the collagen lattice
fran contact
with the basal surface of the epithelium.
The
cysts were fixed immediately upon removal of the
collagen.
MOCK-cysts prepared in this way did
not collapse
and showed a very regular
basal
surface
(Fig. 3).
Whereas it was possible
to
identify
individual
cells,
there
were
no
depressions or clefts separating the cells.
Cell
boundaries were marked by the interdigitation
of
short processes
fran the contiguous cells.
The
remainder of the cell
surface
was relatively
smooth and regular,
with unevenly distributed
short microvilli.
LLC-PKl
cells
were
cultured
atop
conventional
culture-grade
plastic,
atop
bacteriological-grade
plastic,
and in
fluid
suspension culture within an agarose coated dish.
The cells grew as monolayers on both types of
plastic
substrate
and formed spherical
cysts
under all
three
substrate
conditions.
Snall
cysts were observed within 24-48 hours.
They
increased
in size with continued
culture
but
rarely grew to greater
than 150 ,um in diameter.
Cysts occurred
as individual
structures
or as
aggregates.
In monolayer cultures,
the cysts
often settled
and attached directly
to the cell
sheet.
Cyst formation
in monolayers
atop
bacteriological-grade
plastic
was stimulated
by
scoring the cell sheet with a blade or needle.
This
procedure
caused
the
monolayer
to
immediately retract.
Cysts then developed within
24-48 hours at the cut edge of the cell sheet
(Fig.
4) .
This commonly resulted
in the
formation of numerous cysts aggregated
in long
strands (Fig. 4). Scoring or cutting of the cell
sheet did not appear to stimulate
cyst formation
in cultures raised on cultur~rade
plastic.
LLC-PKl cysts
showed the
same basic
epithelial
structure
regardless
of the conditions
under which they formed. The cells (Fig. 4) bore
abundant microvilli
on their
apical
surface.
Larger cysts tended to have highly attenuated
cells.
These cells
often had a rather
smooth
apical surface with few microvilli
and frequently

glutaraldehyde
these
specimens
received
sequential
treatment
(with
intermediate
H2O
rinses)
with
1% OS04,
saturated
aqueous
thiocarbohydrazide
and then 1% OsO4. Specimens
prepared by the oro procedure were also coated
with gold palladium (see below).
LLC-PKl cells
raised
on cultur~rade
plastic
were fixed at confluency and dehydrated
through absolute ethanol.
Regions of the cell
sheet were then scored in narrow strips
using a
beveled
hypodermic needle.
The ethanol
was
replaced with prowlene
oxide.
The fluid was
then gently agitated
using a pipet to direct a
stream at the region of the scoring lines,
until
segments of cell sheet detached fran the dish.
The specimens were then returned
to absolute
ethanol,
placed in Nitex baskets
and critical
point dried.
For light microscow,
cultured cell
specimens were errbedded in Epon 812 resin and 1
micraneter
thick
sections
were stained
with
toluidine
blue.
Confluent monolayers of LLC-PKl raised on
bacteriological-grade
dishes
were fixed
(5-10
min) .in fil.t.lu as above.
The cell sheet was then
scored with a single cut using a sharp blade.
A
syringe with a 20 gauge needle was used to direct
a stream of fixative
at the cut edge of the cell
sheet.
This lifted
the intact
sheet off the
dish.
Fine scissors
were then used to cut the
cell sheet into striµs
(e.g. 2 x 4 llUll) • These
pieces
were transferred
to
Nitex
carriers
fashioned
fran Beem capsules
and Nitex screen
(26) for continued processing,
as above.
In sane
cases,
confluent
monolayers
within
bacteriological-grade
dishes were uplifted
fran
the floor of the dish with culture medium then
fixed irrunediately.
All cell
culture
specimens were critical
point dried fran liquid COi (2) . Cryofractured
cultures of MOCK-cysts were mounted on stubs with
conductive paste.
Isolated
MOCK-cysts, LLC-PKl
cysts,
and pieces
of rronolayer cultures
were
positioned
atop double-stick
adhesive tape.
All
specimens were coated with gold palladium
(200
A ) using a HLmll!lerV sputter
coater
(Technics
Inc.,
San Jose,
CA).
Microscow was performed
using an AMR1000A scanning electron
microscope
operated at 20 kV accelerating
voltage.
Results
Cultures of MDCK--cystsgrown within collagen
gel were examined under various
culture
and
processing
conditions
that allowed analysis,
by
SEM, of both the apical and basal surfaces of the
epithelium.
Cryofracture
was used to gain access
to the apical
cell surface
bordering
the cyst
lumen. The apical surface was found (Fig. 1) to
be
covered
by a luxuriant
population
of
microvilli.
Most cells
appeared to possess a
single long cilium.
In sane cysts, cell borders
were visible
as dense
lines
or ridges
of
microvilli.
In other cysts,
cell margins were
not apparent,
al though individual
cells could be
discerned by their raised contour.
Cryofractured
specimens gave only a restricted
view of the
basal
cell
surface.
SUch cross
sectional
profiles
showed fibers
of
the
surrounding
collagen-lattice
substrate
in
contact
with
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These micrographs demonstrate the structure
of MOCK
epithelial
cysts cultured within collagen
gel.
They illustrate
the spherical form of the
cysts and demonstrate their surface features as a
polarized epithelium.

1
c.
This scanning electron micrograph shows the
apical surface of the cyst epithelium.
The cells
possess an abundant population of microvilli and
comrrKmlybear at least one cilium (arrows) • Cell
boundaries are visible in this field, outlined by
ridges
of
slightly
elongated
microvilli
(arrowhead). (bar=S micraneters).

a.
This light micrograph of a living culture
(10 days) shows a large number of cysts of
various sizes.
MOCK-cystsare corrononlyspherical
in form. The large· cyst (arrow) near the center
of the field measures approximately 700 .,um in
diameter. (bar=lOO micraneters).
b.
This scanning electron micrograph shows the
cryofractured
surface
of
two
MOCK-cysts
surrounded by collagen gel (HCG). The cells are
polarized with apical surface facing the lumen
and basal surface facing the surrounding collagen
gel. (bar=lO micraneters).
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d.
This scanning electron
micrograph shows
details of both the apical and basal surfaces of
the MOCK-cyst epithelium
in a cryofractured
specimen.
The plane of fracture is through the
cytoplasm. The apical surface bears a blanket of
microvilli
(MV)•
Several
elongated
cilia
(arrows) are visible.
The basal surface seen in
cross section,
is rough and irregular,
and
appears to possess blunt cytoplasmic processes
(arrowhead) .
Collagen
gel
( HCG)• (bar=l
micraneter).

SEMof Cultured Renal Epithiliurn

Figure 2..
These micrographs demonstrate the structure
of 1'IDCK-cysts isolated
from collagen gel by
treatment with collagenase.

isolated
by
treatment
with
collagenase.
Individual cells are identifiable,
outlined by
shallo..i clefts.
The irregularity
in form of the
cell surface is likely due to partial collapse of
the cyst during the isolation procedure. (bar=lO
micraneters).

a.
This scanning electron micrograph shows the
cryofractured
surface
of
a collagen
gel
containing
a number of 1'IDCK-cysts (arro..is).
(bar=lOO micrometers).
b.
This light micrograph sho..is a collection of
living 1'IDCK-cysts isolated from the collagen gel
culture substrate by treatment with collagenase.
Cysts isolated in this way are fragile and will
collapse if maintained in suspension culture.
A
number of cysts in the field (arrows) appear to
be intact.
(bar=lOO micrometers).
c.
This scanning electron micrograph shows the
irregular
basal surface of a single 1'IDCK-cyst

7739

d.
This scanning electron
micrograph shows
details
of the basal surface of an 1'IDCK-cyst
isolated
from collagen gel by treatment with
collagenase.
Cell boundaries are demarcated by
shallo..i clefts (arro..is).
In some areas the cell
surface is clearly visible and seen to possess
microvilli
(MV) and occasional blunt processes.
In other areas, cell detail
is obscured by a
layer of fibrillar
material (arro..ihead), possibly
representing residual collagen that was not fully
digested by collagenase. (bar=5 micraneters).
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This series of scanning electron micrographs
demonstrates the basal cell surface of MOCK-cysts
fran which the overlying collagen gel was removed
by dissection.
a.
This micrograph shows a number of MOCK-cysts
(arrows) at the interface between upper and lower
layers
of
collagen
gel
(OCG).
(bar=SO
micraneters).

1
c.
This micrograph shows the cyst demonstrated
in Fig. 3b. The basal surface of these cells is
smooth and regular,
with no sign of the
intercellular
clefts
observed when cysts are
isolated by digestion with collagenase (see Fig.
2). (bar=lO micraneters).

A single MOCK-cyst sits atop collagen gel
The basal surface
of the cyst is
relatively
smooth. (bar=lO micraneters).

d.
This field
shows a region of the cyst
surface
demonstrated
in Figs.
3b and 3c.
Intercellular
boundaries
are visible
as the
interdigitation
of flat
irregular
processes
(arrows). Microvilli (MV)are present but do not
appear to be a consistent feature of all cells.
(bar=S micraneters).

did not possess solitary cilia.
The boundaries
between cells, even highly attenuated cells, were
marked by rows of long microvilli.
&naller cysts
corranonly had cells with a praninent brush border
of long microvilli.
The internal structure of LLC-PKl cysts was
observed (Fig. 4) in a number of cysts that
fractured during specimen processing.
The basal
surface of these cells was very smooth, corranonly

with a sparse population of short microvilli
and
occasional blunt cytoplasmic processes.
Cell
boundaries at the basal surface of LLC-PKl cysts
were marked by short interdigitating
microvilli.
There occasionally aHJeared to be some degree of
overlap between cells, with the broad cytoplasmic
processes of one cell overlying the next.
LLC-PKl cells
grown to confluency
on
culture-grade
plastic formed multicellular
domes

b.

( OCG)•
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(hernicysts)
(Fig. 5) .
Domes were preserved by
our SEM processing
procedure,
although
some
distortion
(partial
collapse)
in the overall
contour
of the wall did occur.
The apical
surface
of the dome epithelium
was similar
to
that of the surrounding cell sheet, except that
the cells
of domes appeared to possess
fewer
microvilli.
The cells of domes also appeared to
be more attenuated
than the surrounding
cells.
Cells both of domes and the substrate-adherent
cell sheet possessed long solitary
cilia.
The method we used to prepare
LLC-PKl
ioonolayers for SEM allowed us also to view the
basal
surface
of dome epithelium.
The basal
surface
of
these
cells
(Fig.
5)
showed
similarities
to the basal surface
of LLC-PKl
cysts.
In both,
the basal
cell
surface
was
relatively
smooth or bore a sparse popllation
of
short microvilli.
Cell boundaries were marked by
interdigitating
short processes.
Sane cells had
blunt,
rounded
or
flat
processes.
The
undersurface
of domes was the only region of the
monolayer that could be viewed directly
by SEM.
The surrounding cell sheet was covered by a very
thin layer of propylene-oxide
resistant
material,
prcbably plastic
that separated from the culture
dish during processing
(Fig. 5).
This thin
amorphous layer conformed to the epithelium
and
prevented direct observation of the cell surface.
The material was fragile and commonly broke away
fran the areas underlying domes.
This provided
access to the basal surface of dome epithelium
but did not allow comparison with cells of the
substrate-adherent
monolayer.
Cells
seeded
at
high
density
to
bacteriological-grade
dishes formed a confluent
cell sheet that showed only minimal adherence to
the substrate.
Under these conditions
the cells
did not form domes, and the cell sheet could be
uplifted
fran the dish by sirrq:,ly directing
a
stream of medium or fixative
under the monolayer.
When processing
was performed after
the cell
sheet had been separated
fran the dish it was
possible
to view the basal surface directly.
The
basal
surface
of these
specimens
(Fig.
6)
possessed
several
types of appendages including
blunt or rounded processes,
randomly distributed
short microvilli,
and a population
of very long
microvilli.
Cell boundaries were identifiable,
marked by interdigitating
microvilli.
Cells also
possessed
very long filopodia
that overlapped
adjacent cells.

(12) observed that when a confluent monolayer of
MIX:Kcells grown atop a collagen coated dish was
overlaid with collagen gel the cells underwent a
reorganization.
The cell sheet formed irregular
shaped cysts such that the apical cell surface
faced the lumen and only the basal cell surface
was in contact with the collagen substrate.
We,
likewise,
have found that the polarity
of MIX:K
cells is dependent upon culture conditions.
When
dissociated
cells are seeded to fluid suspension
(27) or to culture within soft agar (unpublished
observation),
they form cysts
in which the
epithelium is oriented so that the apical surface
faces the culture medium. MOCKcells also form
cysts when they are culture
suspended within
collagen gel (27 ,28) .
Under these conditions,
however, the cells
are oriented
so that
the
apical
surface
faces the lumen and the basal
surface rests against the collagen.
MIX:K-cyst formation within collagen gel is
an active
growth process.
Cysts form by the
clonal growth of individual
cells and increase in
size
by mitotic
activity
(27 ,28).
This
morphogenetic growth behavior may be unique to
the MOCKcell.
We are not aware of any other
cell
type that
exhibits
this
behavior
under
similar culture conditions.
In addition,
we have
determined
that
clonal
cyst
formation
is a
property
of a subpopulation
of the MOCK cell
line.
Only a small percentage
of cells from a
parent monolayer culture
form cysts.
Moreover,
clonal cyst formation is only exhibited
by the
sercalled
low-resistance
strain
(3 ,34) of the
MOCK1 ine.
We have found that cells
of the
high-resistance
MOCK
strain
(3,34) do not exhibit
cyst formation within collagen gel.
The formation of MIX:K-cysts within collagen
gel provides a culture
system with a number of
unique characteristics.
The orientation
of the
cell population
makes it possible
to alter
the
culture
substrate
without disturbing
cell-cell
interactions.
We have, for exarrq:,le, strii:ped
away the collagen gel from MIX:K-cysts in culture.
The cells,
thus, no longer in contact with the
substrate,
undergo polarity
reversal
(29).
Since
cell orientation
can readily be altered in these
cultures
by
manipulating
the
in
Y.i.liQ
interstitium,
this system may prove to be useful
in examining
the
factors
that
control
the
expression of epithelial
polarity.
MIX:K-cysts grow in diameter during culture.
We have determined that cyst growth follows a
sigmoidal curve over a three week period (30) .
In addition,
we have found that the collagen
concentration
of the substrate
influences
the
rate of cyst growth (unpublished
observation) .
Since
MOCK-cysts present
a cell
popllation
bearing renal tubule-like
orientation
in which
the epithelial
wall is mitotically
active these
cultures may provide a system with which to model
the cellular
events involved in the enlargement
of tubular cysts in renal cystic disease.
LLC-PKl cells
can also be induced to form
cysts
in Y.ili.Q, however, cell behavior
and
culture
characteristics
differ
from
those
observed for MIX:K-cysts.
Wohlwend et al. (43)
recently
demonstrated
cyst
formation
by a
clonally
derived
subpopulation
of the LLC-PKl
cell line in suspension culture.
They observed

Discussion
The
establishment
and
maintenance
of
epithelial
polarity
in Yit..[Q is influenced by the
nature
of the cell culture
environment.
This
phenomenon
has been shown for renal epithelia
(27-29,43)
and other
cell
systems
as well
(7,10,11).
Under conventional
conditions
of
substrate-dependent
monolayer culture,
epithelial
cells
polarize
against
the substrate
so that
their
apical surface is bathed by the overlying
medium.
This
is,
however,
not the
only
configuration
that a cultured cell popllation
can
express.
Cell-cell
interactions
and epithelial
polarity
can be altered
by changing culture
substrate
conditions.
For exarrq:,le, Hall et al.
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plastic.
Wohlwendet al. (43) also demonstrated
that LLC-PKl cysts undergo polarity reversal when
planted within collagen gel.
They did not
indicate whether these collagen-embedded cysts
subsequently grew in diameter as occurs with
MJXK-cysts (27-30).
In
our
experience
(unpublished observations) they do not.
It has
yet to be determined whether cell division takes
place during LLC-PKl cyst formation. The process
of cyst formation may instead merely involve
aggregation and cell polarization.
The growth in
size of LLC-PKl cysts clearly
involves fluid
accumulation but may not necessarily
involve
mitotic activity.
Cell division has, however,
been reported to occur within domes of LLC-PKl
monolayers
(31) •
Since
the
cell-cell
interactions
exhibited by domes and cysts appear
to be very similar it is likely that the cells of
cysts are also capable of division.
We observed that culture conditions had a
marked influence on cell morphology at both the
apical and basal surfaces.
Conditions that
pranoted cell· attenuation
had an observable
effect on apical morphology. The cells of domes
and LLC-PKl cysts tended to have fewer and less
evenly
distributed
microvilli
than
substrate-dependent
cells.
In addition,
the
highly attenuated cells of LLC-PKl cysts commonly
did not have solitary cilia.
It is possible that
the membrane and cytoplasmic structure of surface
appendages is recruited into the cell body when a
condition such as increased fluid pressure at the
basal surface forces the cell to attenuate.
The morphology of the basal surface of
LLC-PKlcells was found to be different under the
various culture conditions tested.
The cells of
domes and cysts both showed a relatively
smooth
basal surface that lacked prominent appendages.
Monolayers
raised
on
bacteriological-grade
plastic on the other hand possessed a population
of very
long
slender
processes
unevenly
distributed
along the monolayer and projecting
perpendicular to the cell surface.
The presence
of long processes at the basal surface suggests
that these regions of the cell sheet were not
tightly adherent to the dish.
It is possible
that similar long processes exist folded beneath
the basal surface of cells
growing closely
adherent to culture-grade plastic.
However, we
were unable to directly view the surface of these
specimens.
The choice of culture substrate was also
observed to influence the occurrence of dome
formation by LLC-PKlcells.
We studied monolayer
cultures
raised
on two types
of plastic
substrate,
corranercially available culture-grade
and bacteriological-grade
dishes.
LLC-PKl cells
formed confluent monolayers on both substrates.
However, cells raised on culture-grade
plastic
formed
domes while
cultures
grown
on
bacteriological-grade
plastic
did not.
Dane
formation has been shown to occur only when cells
are raised on a non-permeable substrate and only
when cell-substrate
interactions
allow focal
detachment of the cell sheet fran the culture
surface.
Rabito et al • (33) have demonstrated
that dome size and the frequency of dome
formation by cell line MOCK
is dependent upon the
adhesive interaction
between the cells
and

i

This collection of micrographs demonstrates
the surface morphology of the multicellular
cysts
that form when LLC-PKl cells
are seeded to
monolayer culture or to stationary
suspension
culture.
a.
This light micrograph shows a cluster of
living LLC-PKl cysts.
Individual cysts (arrows)
tend to be spherical
in form.
They are
fluid-filled
structures
in which the cells are
oriented so that the apical surface faces the
surrounding medium. (bar=SO micraneters).
b.
This scanning electron micrograph shows a
cluster of LLC-PKlcysts similar to that shown in
Fig. 4a.
This specimen was collected from a
monolayer
culture
grown
in
a
bacteriological-grade
dish.
Under these
conditions,
cysts formed spontaneously at the
free edge of the confluent cell sheet. (bar=20
micraneters).
c.
This field
shows the irregular
apical
surface of several LLC-PKl cysts within an
aggregate.
Not all cells appear to possess the
same surface
features.
Sane
cells
have
relatively
long microvilli
(MV) whereas other
cells bear a sparse and irregularly
distributed
population of microvilli
(arrowhead).
(bar=lO
micraneters).
d.
This micrograph shows the surface details of
a portion of an LLC-PKl cyst.
These cells are
highly attenuated.
The perinuclear
region
(arrowhead) of one cell protrudes above its
flattened cytoplasm. Cell boundaries are clearly
visible,
outlined by long microvilli
(arrows).
Whereas LLC-PKl cells characteristically
bear an
abundance of long microvilli,
these attenuated
cells do not possess such a brush border.
In
addition, solitary cilia are not present. (bar=S
micraneters).
e.
This micrograph shows the fractured surface
of an LLC-PKl cyst and demonstrates both the
apical and basal cell surfaces.
The apical
surface
bears
a rich
population
of long
microvilli
(MV) while
the
basal
surface
(arrowhead)
is
relatively
smooth.
(bar=l
micraneter).
f.
This micrograph shows the basal surface of
LLC-PKl cells fran a fractured cyst.
The basal
surface of these cells is largely devoid of
appendages.
Cell boundaries are evident as the
interdigitation
of rather short processes (arrow)
spread out against the adjacent cell.
(bar=l
micraneter).
that
initially
the cells
aggregated,
then
organized to form a polarized sirrple epithelium
oriented with apical surface facing the culture
medium (43). In the present study we found that
the parent LLC-PKl cell line also forms cysts.
In
addition,
cysts
develop
within
substrate-dependent
monolayer cultures raised on
either
culture-grade
or bacteriological-grade
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'Itle presence of this material in contact with the
remainder of the cell sheet prohibits
direct SEM
ct>servation
of
the
cell
surface.
(bar=lO
micraneters).

These micrographs
demonstrate
the surface
features
of the epithelial
hemicysts that form
when LLC-PKl cells are grown to confluency on a
culture-grade
plastic
substrate.

e.
This scanning electron micrograph shows the
basolateral
surface of cells of a hemicyst.
The
thin
amorphous
layer
of
material
(arrow)
retracted
at the margin of the hemicyst
is
residual
plastic
derived from the culture dish.
(bar=lO micraneters).

a.
This phase contrast light micrograph shows a
hemicyst (arrowhead) at the center of the field.
The cells that form this structure
have lifted
off the floor of the dish and, so, are out of the
plane of focus.
A small LI.C-PKl cyst (arrow)
sits near the hemicyst.
This cyst was observed
to be attached
to the subjacent
monolayer.
(bar=SO micraneters).
b.
This scanning electron micrograph shows the
apical surface of an LI.C-PKl hemicyst (arrowhead)
projecting
above the adjacent
cell
sheet.
A
small cyst (arrow) rests next to the hemicyst.
(bar=lO micraneters).

f.
This scanning electron micrograph shows the
basolateral
surface
of cells
that
form a
hemicyst.
Cell boundaries
are visible
as the
line
formed
by
interdigitating
cytoplasmic
processes
(arrows).
The remainder of the cell
surface is relatively
smooth, but with a number
of irregular
shaped processes
(arrowhead).
(bar=S
micraneters).

c.
This
light
micrograph
shows a section
through a hemicyst (arrowhead) • The cells arch
above the level
of the cell
sheet that was
adherent to the culture dish. A layer of residual
plastic
fran the culture dish (arrow) underlies
the epitheliurn
and spans the hemicyst.
(bar=lO
rnicraneters).

g.
This scanning electron micrograph shows the
broken edge of a hemicyst.
'Itle basolateral
surface
is
very
irregular,
with
numerous
processes.
The apical surface shows an abundant
population of long microvilli
(MV)• A single long
ciliurn (arrow) projects
from the apical surface.
(bar=l micraneter).

a.

This scanning electron micrograph shows the
basolateral
surface
of
a shallow
hemicyst
(arrowhead)
and its
surrounding
cell
sheet.
Residual plastic
from the culture dish has broken
away fran the region underlying
the hemicyst.

h.
This scanning electron micrograph shows the
apical
surface
of cells
forming a hemicyst.
These cells
bear a dense blanket of elongated
microvilli
(MV) and possess
solitary
cilia
(arrows). (bar=S micraneters).

substrate.
When the culture
substrate
(glass
slide)
was
treated
with
an
agent
(3-aminopropyltriethoxysilane)
that increased the
adhesion between the cell
and substrate,
dome
formation
was prevented
(33).
Likewise,
when
cells were cultured under conditions that reduced
but did not abolish
cell adhesion,
very large
domes formed.
In the present study, the absence
of
dome formation
in
cultures
raised
on
bacteriological~rade
plastic
was likely
due to

the very weak interaction
between the cells and
substrate.
Under these conditions,
fluid could
not accumulate
beneath
the cell
sheet,
but
instead,
leaked out at the periphery of the cell
layer.
'Itle weak interaction
between the cell sheet
and bacteriological~rade
substrate
proved to be
advantageous,
since,
this made it possible
to
isolate the monolayer for direct visualization
of
its basal surface by SEM. The affinity
that
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Figure§_
'Ibese scanning electron micrographs show the
morphology of the basal surface of LI.C-PKl cells
grown as
a confluent
monolayer
atop
a
bacteriological~rade
culture dish.

c.
'Ibis region of the cell
sheet has an
irregular surface.
Intercellular
boundaries form
shallow clefts (arrows) rather than raised ridges
as observed at the basal surface of hemicysts
(see Fig. 5).
Many cells
possess rounded
bleb-like
processes
(arrowheads).
(bar=S
micraneters).

a.
'Ibis micrograph shows a broad area of the
cell surface.
A number of cells possess very
long filamentous
processes
(arrows).
(bar=S
micraneters) •
b.
'Ibis micrograph shows a portion of the field
displayed
in Fig. 6a.
'!be appendages that
project
fran
this
surface
include
short
interdigitating
processes
that
mark cell
boundaries (arrowhead) , and praninent elongated
microvilli
(arrows). (bar=l micraneter).

d.
'Ibis micrograph shows a portion of the field
within Fig. 6c.
'lllese cells bear a sparse
population of short microvilli
and blunt
or
rounded processes.
At this magnification it is
possible to see that cell boundaries are marked
by interdigitating
processes
(arrows).
(bar=l
micraneter).

cells
showed for the cultur~rade
substrate
prevented access to the basal surface.
We found
that it was necessary to expose the cultures to
propylene oxide in order to release the monolayer
fran the dish.
As a means to gain access to the
basal cell
surface
this
technique was only

partially
successful.
A layer of propylene
oxide-resistant
material remained in contact with
the basal cell surface.
Fortunately this layer
was very fragile
and broke away fran areas
underlying domes.
'Ibis made it possible to
visualize
the basal surface of the cells of
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domes.
It was not possible,
however, to compare
the basal surface structure
of dome forming cells
with the cells
of the surrounding
substrate-adherent cell sheet.
Evan et al.
(8)
and Jones
(16) have
demonstrated that basal surface morphology can be
used to identify
cell
types in the nephron.
Rigorous methods are necessary,
however, to gain
access to the basal cell surface.
So it is with
cultured cells as well.
The technical
problems
we encountered
in attempting
to gain access to
the basal surface of cultured
cells may explain
why, to our knowledge, there have been no SE2'1
studies
of
the
basal
surface
of
substrate--<lependent
cells.
We are, therefore,
aware of no data describing
the basal surface of
cultured
cells
with which we can compare our
observations.
In our limited
experience
with
only two cell lines
(e.g., MOCK and LLC-PKl) we
have not observed unique structural
features
of
the basal surface that can be used to identify
these specific
cell types.
In addition,
we have
not been able to recognize
basal features
of
these cultured
cells
that correlate
with the
basal structure
of cells of the intact
nephron
(8,9).
If we use the proximal tubule cell line
LLC-PKl as an example, it is apparent that these
cells
do not exhibit
the highly
specialized
lateral-basal
structure
of the proximal tubule in
yj,y_Q_,_ The apical
surface of these cells bears a
rich population
of very long microvilli
and as
such resembles the brush border of the proximal
tubule.
The basal surface of LLC-PKl, however,
shows no apparent specialization
resembling the
lateral
ridges and basal microvillar
elements
characteristic
of the proximal tubule cell
in
yiYQ_ (9,39).
It is likely that the cell culture
environment has considerable
influence
on the
expression
of these
and other
cell
surface
features.
Whereas, the environment bathing the
cell apex in vitro is similar to the milieu of
the tubular lurnen and may pranote the expression
of apical
features,
the barren surface
of a
plastic
culture
dish has little
resemblance to
the tubular
interstitiurn
and may not allow
lateral-basal
structure
to be expressed.
Cne may
speculate
that the use of an alternative
culture
substrate
that
mimics the renal
interstitium
might stimulate renal cell types to express basal
surface features
characteristic
of their nephron
segment of origin.
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Discussion

Renal Epithelium
there are likely other factors involved as well.
For example, MOCK-cysts within collagen gel will
reverse polarity
if the surrounding collagen is
removed either
by dissection
or by enzymatic
digestion.
Likewise, "apex-out" MOCK-cysts from
suspension culture reverse polarity
when they are
suspended within collagen gel.
In this case it
is likely not an activity
such as basal lamina
synthesis,
but rather
cell
response
to the
interstitium
that influences cell polarity.
L., Welling:
You say that the MOCKcysts grow
in a "sigmoidal"
fashion
over a three
week
period.
I have three questions
in that regard.
First,
what was the maximal rate of cyst growth
and what was the maxi111LID1
cyst size?
Second, did
you detect
any rrorphologic
differences
between
cells during the earlier,
more rapid period of
cyst growth and cells during the later period of
slower growth?
Third, after the cysts reached
maxill1LID1
size did the cells
degenerate
or show
further changes with time?
Authors:
we have observed that rate of cyst
growth
is
dependent
upon multiple
factors
including
cell
density
at seeding,
collagen
concentration
of
the
surrounding
gel
and
composition
of the nutrient
medium.
Also,
individual
cysts do not increase in size at the
same rate.
Under the conditions
described
in
this
report
the maximal rate of cyst growth
determined for the entire population of cysts was
approximately
10-20 micrometers
per 24 hrs.
Maximum cyst diameter seems also to be dependent
upon multiple
factors.
We have found that
cultures seeded at low density (1 x 104 cells/ml)
develop cysts that at 45 days in YitrQ. are in
excess of 1500 micraneters
in diameter.
We have
not
thoroughly
examined
cell
ultrastructure
in relation
to cyst size.
Regarding cell changes that may take place
once cysts reach maximal diameter,
we have only
observations
by phase contrast
light microscopy.
It is clear that with extended culture,
cells are
sloughed into the cyst lumen, in addition,
in
cultures
raised to very high cell density there
appears
to
be some degree
of cytoplasmic
vesiculation
and even blebbing
at the basal
surface.

with Reviewers

£..,_ .!;ltll:
Do MOCKand LLC-PKl cells
form a
basement
lamina
during
culture
under
the
conditions
described?
If not, why not?
If so,
how do these structures
appear in the SEM? Does
culturing
in collagen
gels have any effect
on
basement lamina synthesis and does this, in turn,
have any effect on the polarity
of the epithelia
formed, i.e.,
could collagen-"induced"
basement
membrane synthesis
be responsible
for
the
observed reversal
in polarity
between suspension
or monolayer culture
and culture
in collagen
gels?
Authors:
By TEM we have observed basal lamina
associated
with the basal plasmalerrana of cells
forming MOCK-cysts and subjacent to monolayers of
cell line LLC-PKl. The basal lamina associated
with
MOCK-cysts is
ruthenium-red
positive,
sparse,
and incomplete.
Basal lamina beneath
monolayers of LLC-PKl cells
is likewise
sparse
and incomplete.
We have not been able to
identify
basal lamina in either cell population
by SEM.
It is possible
that
basal
lamina
synthesis may play a role in the establishment
of
epithelial
polarity
in these systems,
however,

L... Welling:
You suggest that the MOCK-cysts
might model cystic
events
in renal
cystic
disease.
Your group previously
has described
papillary
growths in renal cysts in vivo.
Did
you find such papillary
growths in MOCK-cysts?
Authors:
We have not observed micropolyps within
MOCK-cysts.
L... Welling:
Do you
have physiologic
measurements that might indicate
the function of
the cyst epithelium?
For example, would the
composition
of the cyst lumen fluid
suggest
secretion or reabsorption?
Authors:
We have no data
on the
ionic
composition of cyst fluid in these cultures.
R.... ~:
How do your studies,
showing
effects
of culture
on cell shape, compare with
those of other investigators
using kidney and
other organs?
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Authors:
There have been numerous cultured cell
studies
which demonstrate
that cell
shape or
epithelial
polarity
is modulated by the in ill.IQ
envirornnent.
Studies by Charnbard et al.,
(1981)
and Garbi et al.,
(1984) on the behavior
of
thyroid
follicular
cells
are
particularly
intriguing
and demonstrate
as we have shown
(McAteer et al. ,
text
reference
29 )
that
epithelial
cells
recognize
a
collagenous
interstitium
and orient
themselves
so that
lateral-basal
nanbranes
interface
with
this
interstitium.
OJr
observations
on
the
establishment
and maintenance of polarity
by the
MOCKcell corrplement the findings of Hall et al.
(1982) in which MOCKcells
in monolayer were
observed
to
undergo
a
morphogenetic
reorganization
to form epithelial
cysts following
exposure of the apical surface to collagen gel.

R.. ~:
How do your studies
relate to TEM
studies
of these same cell lines as studied in
culture?
Authors:
MOCK cell
ultrastructure
has been
studied
extensively
(eg. Valentich,
Ann. N.Y.
Acad. Sci. 372, 1981).
In our experience
the
cells
of MOCK-cysts exhibit
no unique fine
structural
characteristics
that would distinguish
them fran cells grown in monolayer culture.
We
are aware of only a few published
reports which
describe the thin section ultrastructure
of cell
line LLC-PKl, but unfortunately
none examine the
lateral-basal
surface features of hernicysts or of
cells raised on non-culture
grade plastic.
R.. ~:
How does MOCK morphology change
with respect
to number of passages and culture
conditions
as reviewed by other morphological
techniques?
Authors:
John Valentich
(Ann. N. Y. Acad. Sci.
372,
1981) has demonstrated
the
structural
heterogeniety
of the MOCKline and has shown by
TEM and SEM that
cells
within
a monolayer
population
exhibit
strikingly
different
apical
surface
characteristics.
In our studies
of
MOCK-cysts we have not analyzed the morphology of
cysts
derived
from early
versus late passage
cells.
Also, we have not thoroughly examined for
possible
ultrastructural
changes that may occur
with the extended culture
of a population
of
cysts.
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